Isolated soybean ( Glycinemax L. cv. Kent) embyronic axes metabolized 114Clglycine to ATP within the 1 hour of imbibition. Radioactivity was not detected in GTP until the 3rd hour. Throughout most of the first 24 hours of germination about 10 to 26 times as much label from I'4Clglycine appears in ATP as GTP. About five times as much I14Clhypoxanthine and I14Clinosine was converted into GTP as into ATP in embryonic axes. Two independent pools of IMP appear to be used in purine nucleotide synthesis of soybean axes.
The levels of purine nucleoside triP increase rapidly during the first hours of seed imbibition at the expense of endogenous AMP (3) and GMP (4) pools. Part of the increase in ATP of soybean axes is due to conversion of adenosine and adenine to nucleotides (1) . Furthermore, ATP and, to a lesser extent, GTP contents increase in axes imbibed in solutions of adenine or adenosine (2) . These latter studies (1, 2) demonstrated the importance of salvage pathways in adenine nucleotide synthesis of germinating soybean.
The purpose of the current study was to determine the role of de novo synthesis in the rapid build-up of ATP and GTP during the early hours of germination of soybean embryonic axes. Wheat embryos contain enzymes of this pathway (6, 9) and can convert 5-amino-4-imidazole carboxamide, an intermediate of IMP synthesis, to ATP and GTP (11) . According to accepted metabolic pathways of purine nucleotide synthesis, glycine reacts with 5-Pribosylamine in the presence of ATP and P-ribosylamine:glycine ligase to form glycineamide-5-ribotide (5) . Glycineamide-5-ribotide is further metabolized through a number of reactions to IMP, the branch point in purine nucleotide synthesis for adenine and guanine nucleotides (Fig. 1) .
Adenylosuccinic acid synthetase converts IMP to adenylosuccinic acid-the immediate precursor of AMP-and is regulated by GTP, whereas IMP dehydrogenase converts IMP to XMP-the immediate precursor of GMP-and is regulated by NAD. XMP is converted to GMP by GMP synthetase, which is regulated by ATP. Thus, radioactivity from glycine should eventually be found in either adenine or guanine nucleotides, or both, if they are synthesized de novo during seed germination.
MATERIALS AND METHODS
Soybean (Glycine max L., cv. Kent) embryonic axes without plumules were excised from dry seeds by razor blade. The axes were stored at 4 C in a refrigerator and were generally used within a week of excision.
I14CIGlycine Metabolism. Two types of experiments were conducted to determine the de novo synthesis of purine nucleotides. In one type, axes were incubated in an aqueous solution of radioactive glycine for 1.5 or 3.0 hr. In the other, axes were incubated in water for different periods, transferred to a solution of radioactive glycine, and incubated 3 hr more. Details of these and other incubations are presented in figure and table legends. All incubation mixtures consisted of 10 axes in 0.45-ml solutions containing 10 ,ug chloramphenicol/ml. Incubated axes were washed with tap water and extracted with cold 10%o (w/v) trichloroacetic acid. The acid-soluble fraction was neutralized by repeated partitioning with water-saturated ether. The acid-insoluble fraction was washed twice with trichloroacetic acid, dissolved in I N NaOH, then incubated at 37 C for 16 hr. Aliquots of the neutralized and the NaOH-solubiized fractions were placed on 3MM filter paper discs. Dried filters were placed in flass scintillation vials containing 5 ml toluene with Liquifluor, and radioactivity was determined in a Packard Tri-Carb liquid scintillation spectrometer.
The nucleotides in the neutralized acid-soluble fractions were separated on a Reeve Angel partisil 10-SAX anion exchange HPLC2 column as described previously (2) 101 distribution of radioactivity from [i4CJglycine in the purine nucleotides were made by the inclusion of 0.1 mM inosine, adenosine, or guanosine in the incubation medium. The axes were incubated for 3 hr at 25 C, and nucleotides extracted, separated, and quantified by HPLC as described above in the ['4Cjglycine metabolism section.
RESULTS
De Novo Purine Synthesis. As far as I am aware, there are no published results on de novo synthesis of purine nucleotides during the first hours of seed germination, as measured by ['4C]glycine incorporation. Experiments with radioactive glycine showed that about 80%o of the radioactivity associated with nucleotides after 3 hr incubation was in adenine nucleotides ( Table I) . Accumulation of label in adenine nucleotides was detected after 1.5 hr of incubation. Accumulation of radioactivity in guanine nucleotides was not detected until after 3 hr of incubation.
The pattern of glycine incorporation into ribonucleotides did not vary much during the first 24 hr of germination (Table II) . Incorporation of [14CJglycine into ATP was greater in hours 3 to 6 of germination than in any other 3-hr period measured. However, the actual incorporation of glycine was probably greatest in hours 0 to 3 because little of the free endogenous glycine in axes (about 3 nmol/axis) remains after 3 hr of germination (unpublished data). After hours 3 to 6 the incorporation into ATP declined, then remained fairly constant after hour 9. Glycine incorporation into GTP was fairly constant per 3-hr incubation period.
The ['4CJATP to ['4CJGTP ratio of 26 was highest in hours 6 to 9 and decreased to a fairly constant level of 10 to 13 after hour 12. Table I . Glycine-C metabolism of germinating soybean axes. Soybean axes were imbibed in 0.45 ml of water containing glycine-U-C (sp act 102 mCi/mmole; 10 siCi/ml), and chloramphenicol (10 iig/ml) for 1.5 and 3 hr at 25C. After incubation, axes were washed and fractionated as described in the text. In this experiment only, the neutralized acid-soluble fraction was passed through a column (0.4 x 3.3 cm) of Dowex 50 (H+) to retain the cations. The nucleotides were washed from the column with water, Plant Physiol. Vol. 63, 1979 The ATP to GTP ratio of total accumulated ATP and GTP peaked at 10.9 in hours 9 to 12 and then declined. The fluctuation in the ATP to GTP ratio was caused primarily by differences in ATP levels. The incorporation of glycine into ATP, GTP and "protein" (acid-insoluble fraction) was not directly related to the amount of radioactivity in the soluble fraction. After hour 6 the percentage of radioactive ATP and GTP making up the soluble fraction declined, even when the amount of radioactivity in the soluble fraction increased. Similarly, the percentage of incorporation into protein declined after hours 6 to 9. Disregarding uptake the incorporation into acid-insoluble material increased through hours 6 to 9 then it declined before it increased again in hours 12 to 15, the time when the axes started to grow, i.e. increased in fresh weight. Incorporation of [(4Cjglycine into protein was about 55% greater in hours 21 to 24 than in the early peak of incorporation of hours 6 to 9, but incorporation into ATP during hours 21 to 24 was less than 50% of the peak incorporation at hours 3 to 6. The peak rates of GTP synthesis, during hours 3 to 6 and 18 to 21, were about the same.
Turnover of Purine Ring. If the purine ring of ATP is actively turned over or metabolized during germination the pulse experiments with adenine should show a decrease in radioactive ATP with time. On the other hand, if de novo synthesized ATP turns over, the pulse experiments with glycine should show first an increase and then a decrease in radioactive ATP. The adenine experiments showed that after the initial incubation radioactivity decreased in the acid-soluble fraction and increased in the acidinsoluble fraction (Fig. 2) . However, the stoichiometry between the increases in radioactivity in the acid-insoluble fraction and decreases in radioactivity in the acid-soluble fraction was poor. The decrease in the acid-soluble fraction was probably due in part to loss of isotope into the bathing medium and loss of volatile components, ie. CO2. The amount of label in ATP also fell. The percentage of ATP, ADP, and AMP making up the soluble pool remained fairly constant between 83 and 93% of the label for the first 4 hr postincubation, and then fell to about 60% by hour 7. This decline in the percentage make-up of purine nucleotides probably reflects conversion to other soluble components. Although the level of adenine-derived ATP decreased, that of total ATP increased, as shown by the results of experiments with glycine (Table II) ; hence the specific radioactivity of total ATP decreased.
In contrast to the adenine experiment, similar experiments with glycine ( Fig. 3) showed that the amount of radioactivity accumulating in ATP continued to increase throughout 6 hr of incubation in water. This continuous rise in radioactive ATP probably reflected the time required for the conversion of glycine to the purine ring via many intermediates. In the glycine experiments, as Hours Post-incubation FIG. 2. l'4ClAdenine pulse experiment with soybean axes. Soybean axes were pulsed for 1 hr in 1 ,LCi/ml [8-'4Cladenine (specific radioactivity 53.5 mCi/mmol). Axes were rinsed several times with distilled H20 containing 10 lg/ml chloramphenicol and then placed in antibiotic solution for 0, 1, 2, 4, or 7 additional hr. After these time intervals axes were removed and extracted with 10o (w/v) trichloroacetic acid as previously described. Radioactivity in ATP was determined after PEI chromatography (1, 7) . Numbers in parentheses below the closed circles and above the closed triangles represent percentage of radioactivity of the soluble fraction composed of ATP and ATP, ADP and AMP, respectively. All values are the average of two extracts. All values are the average of 2 extracts in the adenine experiments, radioactivity from the acid-soluble fraction decreased concomitantly with increases in the acid-insoluble fraction (Fig. 3 ), but at faster rates. Again, the stoichiometry between radioactivity lost from the acid-soluble fraction and the increase in the acid-insoluble fraction was poor. Salvage Pathway Synthesis. Previously, I reported that adenine and adenosine treatments increased ATP content of embryonic axes during germination, but that hypoxanthine, inosine, guanine, or guanosine had little or no effect (2) . Table III shows that all of these substrates were taken up and metabolized by axes, as shown by incorporation into acid-insoluble material-presumably nucleic acid. The purine bases were taken up to a greater extent than were their respective nucleosides. vealed that most of the label was associated with guanine nucleotides, as indicated by the low ATP to GTP ratios of 0.20, 0.17, 0, and 0.12, respectively. Furthermore, the distribution of radioactivity in the nucleotides of total RNA showed a high predominance of [14C]GMP (Table IV) . The results for hypoxanthine and inosine contrast with those for glycine (Tables I and II) . Presumably, ATP and GTP, whether synthesized de novo or from hypoxanthine and inosine via the salvage pathways, derive from IMP. Possibly, low levels of added hypoxanthine and inosine shift the IMP metabolism toward GMP. To test this, I incubated axes in [14C]glycine alone or in the presence of nonradioactive inosine, guanosine, or adenosine. Results showed that inosine and guanosine did not shift label toward guanine nucleotides (Table V) . Instead, they seemed to increase the synthesis ofadenine nucleotides. Adenosine had little effect on the distribution of label between ATP and GTP.
DISCUSSION
The experiments described above show that ATP and GTP are synthesized de novo by soybean axes from the 1st hr of imbibition (Table I ) through germination (Table II) . Apparently all of the enzymes necessary for de novo synthesis of purine nucleotides are Table IV (Fig. 3) .
The mechanism which regulates ATP and GTP synthesis from IMP in plants is thought to be the same one that operates in other organisms (5) (Fig. 1) . When taken independently, the results obtained from the de novo synthesis (Tables I and II) and the hypoxanthine and inosine (Table III) (Tables III and IV (Fig. 2) as determined by the percentage make-up of the soluble fraction. Also, new ATP continues to be synthesized for at least 6 hr after a 1-hr pulse of glycine (Fig. 3) . Thus, the ATP pool of imbibed soybean axes is in a constant state of flux. 
